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Two mutant strains of cucumber mosaic virus (CMV) were investigated with respect to virion stability and molecular
determinants of aphid vector transmission. The mutant 2A1-MT-60x, derived from the mechanically passaged wild type
2A1-AT, is poorly transmissible by the aphid Aphis gossypii and not transmissible by the aphid Myzus persicae, whereas the
wild type virus is transmissible by both aphid species. The mutant phenotype was shown to be conferred by a single encoded
amino acid change of alanine to threonine at position 162 of the coat protein (CP). Modifying the mutant CP gene to encode
the wild type sequence (alanine) at position 162 restored aphid transmission. To test for a correspondence between changes
in the physical stability of virions and defects in aphid transmission, a urea disruption assay was developed. Virions of
aphid-transmissible strains 2A1-AT and CMV-Fny were stable with treatments of up to between 3 and 4 M urea. In this assay
mutant viruses 2A1-MT-60x and CMV-M were less stable, as they were completely disrupted at urea concentrations of 2 and
1 M urea, respectively. The mutant 2A1-MT-60x also accumulated at a reduced level in infected squash relative to the wild
type virus. These studies suggest that a primary factor in the loss of aphid transmissibility of some strains of CMV is a
reduction in virion stability. © 2000 Academic Press
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1INTRODUCTION
Cucumber mosaic virus (CMV) is an economically im-
portant plant virus with a wide host range of more than
775 species representing 86 families (Douine et al., 1979;
Kaper and Waterworth, 1981). The natural spread of CMV
is accomplished by aphids, with Aphis gossypii (cotton
phid) and Myzus persicae (green peach aphid) the two
ost common aphid vectors (Eastop, 1977). CMV and
any other plant viruses are transmitted by aphids in a
onpersistent manner. Nonpersistent transmission is
haracterized by (1) the rapid rate by which virus is
cquired from infected plants and transmitted to healthy
lants (seconds to minutes) and (2) an increased rate of
ransmission following the preacquisition fasting of
phids (Harris, 1990).
CMV is the type member of the genus Cucumovirus,
ith a single-stranded, plus-sense, tripartite RNA ge-
ome (Peden and Symons, 1973). RNAs 1 and 2 code for
iral proteins of the replicase complex (Hayes and Buck,
990; Nitta et al., 1988). RNA 2 also encodes a second
rotein which affects multiple functions, including long-
istance virus movement and host range (Ding et al.,
1 Present address: Iowa State University, Department of Plant Pathol-
gy, Ames, IA 50011-1020.
2 To whom correspondence and reprint requests should be ad-
dressed at Purdue University, Department of Botany and Plant Pathol-a
h
ogy, 1155 Lilly Hall, West Lafayette, IN 47907. Fax: (765) 494-0363.
E-mail: perry@btny.purdue.edu.
395995). RNA 3 is dicistronic, encoding both the 3a move-
ent protein (Kaplan et al., 1995; Suzuki et al., 1991) and
he coat protein (CP) (Habili and Francki, 1974b;
chwinghamer and Symons, 1975), the latter translated
rom a subgenomic RNA messenger (RNA 4) (Schwing-
amer and Symons, 1977).
The CP is a primary determinant of aphid transmission
n CMV and a number of nonpersistently transmitted
lant viruses (Gera et al., 1979; Gray, 1996; Pirone and
lanc, 1996). Among these viruses, the molecular mech-
nisms of transmission are the best understood for the
otyviruses. Aphid transmission of potyviruses is deter-
ined by two viral gene products, the CP and the helper
omponent (HC) (Govier et al., 1977; Pirone and Thorn-
ury, 1983). The HC is required to mediate the binding of
irions to sites within the aphid food canal (Ammar et al.,
994a) and is thought to act as a bridge in linking the CP
f virions to the insect mouth parts (Pirone and Blanc,
996). A highly conserved three-amino-acid sequence,
he DAG motif, is located near the N-terminus of the CP
nd is essential for aphid transmission (Atreya et al.,
990, 1991; Harrison and Robinson, 1988). This N-termi-
al region of the CP is located on the surface of virions
Shukla and Ward, 1988) and mediates the binding of
irus to the HC and retention in the vector (Blanc et al.,
997, 1998). In CMV, two regions in the CMV CP have
een shown to affect aphid transmission (Perry et al.,
994) but, unlike the potyviruses, no HC or any identifi-
ble linear amino acid sequences such as a DAG motif
ave been identified. Properties of the CP also influence
0042-6822/00 $35.00
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396 NG, LIU, AND PERRYthe efficiency and specificity of aphid transmission, i.e.,
transmission by some aphid vectors but not by others.
Recently, amino acids in the CP have been identified
which differentially affect virus transmission by A. gos-
sypii and M. persicae (Perry et al., 1998).
Repeated mechanical passaging of some plant vi-
ruses has been shown to result in a loss of vector
transmissibility (Campbell, 1996; Pirone, 1991). In a pre-
vious study, field isolates of CMV were mechanically
passaged to ascertain whether the aphid transmission
phenotype was stable (Ng and Perry, 1999). Although
transmission-defective CMV mutants are rare, the variant
2A1-MT-60x was obtained which had lost its transmissi-
bility by M. persicae, but was still transmissible by A.
ossypii, although at a reduced rate. The wild type strain,
A1-AT was readily transmissible by both vector species.
n addition to the aphid transmission phenotype, the
utant also differs from the wild type in having altered
hysical properties; it could not be purified by a standard
MV procedure involving exposure to high salt and or-
anic solvent (Ng and Perry, 1999). In this study, we have
etermined the molecular basis for the loss of aphid
ransmission in 2A1-MT-60x. In addition, the relative sta-
ilities of the CMV strains 2A1-AT, 2A1-MT-60x, CMV-Fny,
nd the transmission-defective CMV-M have been as-
essed using a urea disruption assay.
RESULTS
utant CMV RNA 3 confers an altered aphid
ransmission phenotype
To assess the role of the wild type and mutant CPs in
phid transmission, transcripts from cDNAs to RNA 3s of
ild type 2A1-AT and mutant 2A1-MT-60x, respectively,
ere combined with transcripts of CMV-Fny RNAs 1 and
TABLE 1
Reassortant Viruses and Their Aphid Transmission from Infected
Squash Plants
Reassortant
virusb
RNA 3-specific
cDNA
Aphid Transmissiona
Aphis gossypii Myzus persicae
1 p2A1-AT 23/25 (P* 5 57%) 3/25 (P* 5 4.2%)
2 p2A1-AT/A162T 4/25 (P* 5 5.6%) 0/25 (P* 5 0%)
3 p2A1-MT-60x 1/25 (P* 5 1.4%) 0/25 (P* 5 0%)
4 p2A1-MT-60x/
T162A
25/25 (P* 5 100%) 2/25 (P* 5 2.7%)
a Aphid transmission is indicated as the number of plants infected/
otal number of target plants. Three aphids were used on each target
lant. Experiments were repeated five times using five target plants per
xperiment; the data are shown as a cumulative total. P* is the esti-
ated probability of virus transmission by a single aphid (Gibbs and
ower, 1960).b Viruses were derived from infectious transcripts synthesized from
pFny 109, pFny 209, and the RNA 3-specific cDNA indicated.to create infectious reassortant viruses. Viruses des-
gnated 1 and 3 have RNA 3s that were derived from the
n vitro transcripts of p2A1-AT and p2A1-MT-60x, respec-
ively. Squash plants infected with these reassortant vi-
uses were used as sources for aphid transmission.
eassortant virus 1 was transmissible by A. gossypii and
M. persicae. The estimated transmission efficiencies by
single aphids of A. gossypii and M. persicae were 57 and
4.2%, respectively (Table 1). Reassortant virus 3 was
transmissible by A. gossypii at a reduced efficiency
(1.4%), but was not transmissible by M. persicae. Both of
these phenotypes are those of the parental viruses from
which the cDNAs were cloned, as described in a previ-
ous report (Ng and Perry, 1999).
Coat protein sequence analyses of the wild type and
mutant virus
Previous studies with CMV have shown a correlation
between a loss of aphid transmission and mutations in
the CP (Perry et al., 1994). To identify the genetic deter-
minant underlying the defect in this mutant, the CP genes
in p2A1-AT (wild type) and p2A1-MT-60x (mutant) were
sequenced. The sequence of the wild type 2A1-AT CP
gene was deposited in the EMBL database (No.
AJ271416) and the deduced amino acid sequence is
shown in Fig. 1. The only difference in the sequence of
the mutant CP gene was a single A to G substitution at
nucleotide 1741, encoding a change of an alanine to
threonine at position 162 of the coat protein. The CP
amino acid sequence of 2A1-AT exhibits 97% sequence
identity with the subgroup I CMV-Fny, differing at only six
of 218 amino acid positions.
Effect of a coat protein amino acid alteration on
aphid transmission
Site-directed mutagenesis was used to assess the
role of coat protein amino acid position 162 on aphid
transmission. The CP gene of p2A1-AT encoding an
FIG. 1. Coat protein amino acid sequence alignment of 2A1-AT and
CMV-Fny. The top sequence is that of 2A1-AT and the bottom sequence
is that of CMV-Fny. Amino acids that differ between 2A1-AT and CMV-
Fny are underlined. In the derived mutant 2A1-MT-60x, the alanine
residue at position 162 (highlighted in bold) is a threonine residue.alanine at CP amino acid position 162 was modified by
site-directed mutagenesis to encode a threonine resi-
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397CMV AND APHID VECTOR TRANSMISSIONdue. The resulting cDNA clone was designated p2A1-AT/
A162T. The CP gene of p2A1-MT-60x encoding the thre-
onine residue at CP amino acid position 162 was modi-
fied by site-directed mutagenesis to encode an alanine
residue and the resulting cDNA was designated p2A1-
MT-60x/T162A. RNA 3 transcripts derived from p2A1-AT/
A162T and p2A1-MT-60x/T162A were combined with
transcripts of CMV-Fny RNAs 1 and 2 to create infectious
reassortant viruses 2 and 4, respectively. Squash plants
infected with reassortant viruses 2 and 4 were used for
aphid transmission experiments.
Reassortant virus 2, with RNA 3 derived from p2A1-AT/
A162T, had the aphid transmission phenotype of the
mutant 2A1-MT-60x; it was transmissible at a reduced
frequency by A. gossypii, but was not transmissible by M.
persicae (Table 1). Reassortant virus 4 produced an
aphid transmission phenotype similar to that of the par-
ent 2A1-AT, which was transmissible by both A. gossypii
and M. persicae.
rea disruption assay to evaluate virion stability
The physical basis for a loss of aphid transmissibility
n aphid nontransmissible mutants could be virion insta-
ility or a defect in virion binding within the aphid. To test
or a correlation between changes in the physical stabil-
ty of virions and defects in aphid transmission, a urea
isruption assay was developed. Virions were treated
ith urea and effects on their relative stabilities were
valuated. To first validate the assay, the behavior of
ative virions of CMV-Fny was compared with virions
rosslinked with glutaraldehyde. Native virions were sta-
le up to between 3 and 4 M urea; disruption and ag-
regation in the well occurred at 4 and 5 M urea (Fig. 2).
FIG. 2. Agarose gel electrophoresis of virions of cucumber mosaic v
crosslinked CMV-Fny were incubated on ice (lanes 1 and 7) or at 20°C
at the bottom of the figure). Samples were subjected to electrophoresi
ethidium bromide.n multiple experiments using different preparations of
he virus, CMV-Fny virions were consistently observed tobe completely disrupted at either 5 or 6 M urea. In
contrast, glutaraldehyde-crosslinked virions were quite
stable, with no evidence of disruption even at 5 M urea,
the highest concentration tested (Fig. 2). Relative to the
native virions, glutaraldehyde-crosslinked virions mi-
grated faster in the agarose gel.
Extracts were prepared from uninfected N. tabacum
and N. clevelandii to serve as controls in experiments to
visualize virions in agarose gels. When using the CMV-M
procedure, host material could be visualized in the non-
denaturing agarose gel when stained with either
ethidium bromide (Fig. 3) or Coomassie blue (data not
shown). The amount of stainable host material from N.
levelandii appeared to be considerably less than that
from N. tabacum, as similar amounts of extracts were
loaded on the gels (Fig. 3). A stainable band which
comigrated with the host material was also observed in
preparations of virions purified from CMV-Fny-infected N.
tabacum but not in preparations from infected N. cleve-
landii. To avoid confusion from host-derived material, N.
lowing urea treatment. Virions of native CMV-Fny and glutaraldehyde-
2–6 and 8–12) for 1 h with increasing concentrations of urea (indicated
ondenaturing, 1.2% TAE agarose gel at pH 7.4, followed by staining in
FIG. 3. Agarose gel electrophoresis of virions of cucumber mosaic
virus strain CMV-Fny and uninfected plant extracts. Samples were
subjected to electrophoresis in a nondenaturing, 1.2% TAE agarose gel
at pH 7.4, followed by staining in ethidium bromide. With the exception
of the sample in lane 1, all samples were prepared using the CMV-M
procedure. Lane 1, virions purified from infected tobacco using the
standard CMV procedure; lanes 2 and 4, virions purified from infectedirus fol
(lanestobacco and Nicotiana clevelandii, respectively; lanes 3 and 5, healthy
plant extracts of tobacco and N. clevelandii, respectively.
se gel
398 NG, LIU, AND PERRYclevelandii was used as the host for purifying virus for
agarose gel analysis when purifications were done using
the CMV-M procedure. When analyzing the migration of
CMV-M in agarose gels, a buffer pH of 9.0 was selected
because at pH 7.4 virions aggregated in the well and
failed to migrate into the gel (data not shown).
Mutant virus exhibits an altered stability in a urea
disruption assay
2A1-AT was relatively stable with treatments of up to 3
M urea; the virus migrated as a single band and with
minimal aggregation or band smearing (Fig. 4). At 3 M
urea a slight smearing was observed, and at 4 M virions
were completely disrupted and aggregated in the well
(Fig. 4). Relative to 2A1-AT, the mutant 2A1-MT-60x
showed a reduction in virion stability with disruption and
aggregation occurring at a urea concentration of 1.5 M.
Virions completely aggregated in the well with a treat-
ment of 2 M urea, and at 4 M urea there was no longer
any material stainable with either ethidium bromide or
Coomassie blue (Fig. 4).
Because of the similarities shared by 2A1-MT-60x and
CMV-M, another well-studied mutant defective in aphid
transmission, a parallel urea disruption assay was per-
formed using CMV-M and the wild type CMV-Fny as a
reference. Since CMV-M can be purified only by the
CMV-M procedure (Mossop et al., 1976), this procedure
was used for both viruses in this experiment. Relative to
CMV-Fny, the mutant CMV-M showed a marked reduc-
tion in virion stability. Treatment of the mutant CMV-M
FIG. 4. Agarose gel electrophoresis of virions of cucumber mosaic viru
on ice (lanes 1 and 9) or at 20°C (lanes 2–8 and 10–16) for 1 h with incr
were subjected to electrophoresis in a nondenaturing, 1.2% TAE agaro
dried and stained with Coomassie blue.with a urea concentration of 1 M or higher resulted in
complete virion disruption and aggregation in the well(Fig. 5). Since previous studies had suggested that EDTA
may affect the stability of CMV-M, urea disruption assays
were also carried out in the absence of EDTA. Virions of
2A1-AT, 2A1-MT-60x, CMV-Fny, and CMV-M were incu-
bated with urea under standard conditions, except EDTA
was omitted from the TAE buffer. Results were identical
to those seen in Fig. 5 in assays with EDTA (data not
shown), indicating EDTA did not affect the relative sta-
bilities of the virions in this assay.
Mutant virus accumulates at a reduced level in
infected source plants
It was of interest to compare the concentrations of the
wild type and mutant virus in source plants used for
aphid transmission experiments since a reduced level of
virus accumulation may reduce the efficiency of trans-
mission by aphids. Virus titer was determined by DAS–
ELISA and expressed as micrograms of virus per gram of
leaf tissue. Infected leaves were harvested at the same
age (days postinoculation) as those used as source
plants in the transmission experiments. Relative to the
wild type, there was a 2.7- to 11.3-fold reduction in the
accumulation of mutant 2A1-MT-60x virions; the mean of
three experiments was a 6.5-fold reduction (Table 2).
DISCUSSION
2A1-MT-60x is one of only four CMV aphid nontrans-
missible mutants reported (Badami, 1958; Mossop and
Francki, 1977; Ng and Perry, 1999; Rodriguez, 1993). Coat
wing urea treatment. Virions of 2A1-AT and 2A1-MT-60x were incubated
concentrations of urea (indicated at the bottom of the figure). Samples
at pH 7.4. (a) The gel stained with ethidium bromide; (b) the same gels follo
easingprotein amino acid sequence information is available for
three of the mutants: 2A1-MT-60x, CMV-M, and CMV-C;
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399CMV AND APHID VECTOR TRANSMISSIONof the three, CMV-M has been most thoroughly investi-
gated (Gera et al., 1979; Mossop and Francki, 1977;
Mossop et al., 1976; Perry et al., 1994, 1998; Rao and
rancki, 1982; Shintaku et al., 1992). The aphid transmis-
ion phenotypes of CMV-M and 2A1-MT-60x are similar
n that they are both very poorly transmissible by Aphis
ossypii and not transmissible by Myzus persicae (Ng
nd Perry, 1999; Perry et al., 1998). Both viruses have
ltered physical properties and are unstable when puri-
ied by the standard procedure; this correlates with their
efective transmission phenotype. Although 2A1-MT-60x
nd CMV-M were independently derived decades apart,
t is remarkable that they share the identical Ala to Thr
hange at CP amino acid position 162. CMV-M is a more
omplex mutant than 2A1-MT-60x; in contrast to the sin-
le amino acid modification in 2A1-MT-60x, CMV-M re-
uired at least five amino acid changes (including that at
osition 162) for transmission by M. persicae to be re-
stored (Perry et al., 1998).
Our understanding of nonpersistent transmission
FIG. 5. Agarose gel electrophoresis of virions of cucumber mosaic vi
on ice (lanes 1 and 9) or at 20°C (lanes 2–8 and 10–16) for 1 h with incr
were subjected to electrophoresis in a nondenaturing, 1.2% TAE agaro
dried and stained with Coomassie blue.
TABLE 2
Comparison of the Accumulation of 2A1-AT and 2A1-MT-60x
in Infected Squash
Virus
Yield (mg/g tissuea)
Average
yieldExperiment 1 Experiment 2 Experiment 3
2A1-AT 211.8 508.6 85.1 268.5
2A1-MT-60x 38.2 45.2 31.7 38.4a The source plant material was virus infected squash harvested 9
ays postinoculation.stems primarily from studies with potyviruses (Atreya et
al., 1992, 1995; Atreya and Pirone, 1993; Pirone, 1991;
Pirone and Blanc, 1996). The successful aphid transmis-
sion of a nonpersistent virus is dependent on uptake,
retention, stability, and the release of virus from retained
sites in the aphid vector. The defect in aphid transmis-
sion of CMV mutant 2A1-MT-60x is hypothesized to be
due to a reduction in virion stability, resulting from the Ala
to Thr change at CP position 162. A comparative struc-
tural analysis with the closely related cowpea chlorotic
mottle virus (family Bromoviridae), whose atomic struc-
ture has been determined (Speir et al., 1995), showed
that CMV amino acid position 162 is most likely buried in
the folded CP (Wikoff et al., 1997). This has more recently
been confirmed in a determination of the structure for
CMV at 3.2-Å resolution (Smith et al., 2000). Modifica-
tions of buried amino acid residues might reduce the
stability of virions if these amino acids were involved in
critical CP subunit–subunit, CP–viral RNA, or intramolec-
ular interactions.
In this study, we have demonstrated a correlation
between virion stability and the aphid transmission phe-
notype by assessing the stabilities of wild type and
mutant CMVs using a urea disruption technique previ-
ously used to study virions and viral capsid stability (Da
Poian et al., 1994, 1995; Duda et al., 1995; Oliveira et al.,
1999; Sastri et al., 1997). These studies have been ex-
tended by resolving the products of the urea treatment in
a nondenaturing agarose gel, similar to an approach
taken in work with Sinbis virus (Tellinghuisen et al.,
1999). Our results have shown that the urea disruption
owing urea treatment. Virions of CMV-Fny and CMV-M were incubated
concentrations of urea (indicated at the bottom of the figure). Samples
at pH 9.0. (a) The gel stained with ethidium bromide; (b) the same gelrus foll
easingassay can clearly resolve differences in virion stability.
The agarose gel analysis can also be used to resolve
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400 NG, LIU, AND PERRYcharge differences, as shown by a difference in the
relative electrophoretic mobilities of native and glutaral-
dehyde-crosslinked virions of CMV-Fny (Fig. 2); an al-
tered charge resulting from the reaction of glutaralde-
hyde with the e-amino groups of lysine (Habeeb and
iramoto, 1968) most likely accounts for the difference in
lectrophoretic mobilities. Structural analyses reveal that
here is a lysine residue in each of the bB–bC and
bD–bE loops on the surface of virions (Wikoff et al.,
997).
An unexpected finding was the isolation of stainable
ost material from uninfected N. tabacum and, to a
smaller extent, from uninfected N. clevelandii following
purification by the CMV-M procedure (Fig. 3). The precise
nature of this material is not known, but it was shown to
be noninfectious and its staining properties suggest it is
a ribonucleoprotein.
Although our studies have shown a correspondence
between virion stability and aphid transmissibility, sev-
eral issues remain unresolved. One is the vector speci-
ficity in the transmission of 2A1-MT-60x; it is transmissi-
ble by A. gossypii but not by M. persicae. A. gossypii is
generally a more efficient vector in transmitting CMV
than is M. persicae (Ng and Perry, 1999; Perry et al.,
1998). The loss or decrease in transmissibility of the
mutant may be the result of a combination of a reduction
in the stability of virions and intrinsic differences be-
tween the two aphid species. Although the accumulation
of mutant 2A1-MT-60x was reduced relative to the wild
type, it is not likely that the observed levels account for
the transmission defect. The reduction in virus ranged
from as little as 2.7- to 11.3-fold and, if these levels
influenced transmission, a range of levels of transmis-
sion would have been expected. In the limited number of
transmission studies in which the concentration of CMV
in source plants has been monitored, moderate reduc-
tions in transmission efficiency were observed (Banik
and Zitter, 1990; Gera et al., 1979), as opposed to the
complete or nearly complete loss of transmission in this
study. A second issue concerns how 2A1-MT-60x was
selected during the mechanical passaging of the wild
type 2A1-AT. The single amino acid change in the CP of
2A1-MT-60x apparently confers an increased competitive
ability in some aspect of replication and/or movement
(cell-to-cell or systemic), although mutations in other
parts of RNA 3 or RNAs 1 and 2 have not been ruled out.
Any of the three RNAs may also affect these functions, as
has been shown in studies on CMV movement (Canto et
al., 1997; Carr et al., 1994; Ding et al., 1995; Gal-On et al.,
994; Kaplan et al., 1998). One possibility is that in 2A1-
MT-60x, virion instability resulting from the CP mutation
at position 162 influences the assembly/disassembly
processes, which, in turn, affect the rate of virus move-
ment. Consistent with the notion that viral movement is
affected by the CP are the findings of studies on the role
of CP in the assembly and systemic movement of CMV m(Boccard and Baulcombe, 1993; Schmitz and Rao, 1998;
Suzuki et al., 1991; Taliansky and Garcia-Arenal, 1995).
An effect on the rate of local and long-distance move-
ment by a single amino acid change in the CMV CP has
also been recently reported by Wong et al. (1999).
Although a reduction in virus stability may account for
the defects in transmission, it remains possible that
there has been a change in the surface architecture of
mutant virions. Such alterations have been shown to be
present in transmission-defective luteo- and potyviruses
(Jolly and Mayo, 1994; Kantrong et al., 1995). A modifica-
tion in surface structure could alter the ability of virions to
bind in the aphid vector; alternatively, the release of
virions from sites where they are bound could be af-
fected. Both the surface structure and antigenic proper-
ties of the defective mutants are presently under inves-
tigation.
MATERIALS AND METHODS
Virus purification and RNA extraction
The wild type 2A1-AT (Ng and Perry, 1999) was prop-
agated and purified from infected squash (Cucurbita
pepo) using two methods: (1) a modification of the pro-
cedure of Lot et al. (1972), as previously described (Ng
and Perry, 1999), referred to here as the standard CMV
procedure, and (2) the CMV-M procedure (Mossop et al.,
1976) except the Triton X-100 was omitted. The mutant
2A1-MT-60x (Ng and Perry, 1999) was propagated in
squash and purified by the CMV-M procedure. The stan-
dard CMV procedure involves the use of a 0.5 M citrate
buffer, pH 6.5, with 1.5 M sodium salt in the presence of
chloroform as a clarifying agent. In contrast, the CMV-M
procedure uses a 0.1 M phosphate buffer, pH 8.0, with 0.2
M sodium salt and no chloroform. Virus strains CMV-Fny
(Banik and Zitter, 1990) and CMV-M (Mossop et al., 1976)
were propagated and purified from infected Nicotiana
clevelandii and/or Nicotiana tabacum cv. Turkish Sam-
sun NN (tobacco) by the CMV-M procedure. Leaf extracts
from uninfected N. clevelandii and N. tabacum were
prepared by the CMV-M procedure. Virus concentrations
were determined spectrophotometrically, assuming an
extinction coefficient of 5.0 cm2/mg (Francki et al., 1966).
NA was isolated from the purified virus by phenol:
hloroform (1:1) extraction in the presence of 0.3% SDS,
.3 M sodium acetate, and 10 mM EDTA, pH 7.6, followed
y extraction with chloroform:isoamyl alcohol (24:1), and
thanol precipitation at 220°C. General methods for the
anipulation of nucleic acids are as described by Sam-
rook et al. (1989).
uantification of virus antigen in infected source
lantsDouble antibody sandwich (DAS)–enzyme-linked im-
unosorbent assay (ELISA) was used to determine the
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401CMV AND APHID VECTOR TRANSMISSIONtiter of virus in infected source leaves (squash). 2A1-AT
and 2A1-MT-60x were both propagated in squash at the
same time under identical conditions and infected leaves
were harvested 9 days postinoculation. Virus was ex-
tracted from 10 g of infected leaves by the CMV-M pro-
cedure, except that only one ultracentrifugation step was
performed. DAS–ELISA was performed as originally de-
scribed by Clark and Adams (1977), using an antiserum
prepared against CMV-Fny (He et al., 1998). Purified virus
was diluted 1/100, 1/1000, and 1/10,000 in sample buffer
(Clark and Adams, 1977) and four replicate aliquots of
each dilution were tested in the ELISA. Known concen-
trations of purified CMV-Fny (10, 100, 1000, and 10,000
ng/ml) were included on each microtiter dish for use in
the calibration of a standard curve.
Cloning of RNA 3-specific cDNAs
Complementary DNA clones specific to RNA 3 of
2A1-AT and 2A1-MT-60x were prepared using RNA from
viruses purified from squash. First-strand cDNA to RNA 3
was obtained by reverse transcription, using the Super-
script preamplification system (GIBCO BRL, Gaithers-
burg, MD) and the oligonucleotide 59-GCATGCCTG-
CAGTGGTCTCCT-39, which contains a PstI restriction
site (underlined), followed by nine nucleotides comple-
mentary to the 39 end of RNA 3. The second-strand cDNA
was primed with the oligonucleotide 59-CCGGATCCTA-
ATACGACTCACTATAGGTAATCTTACCACTGT-39, which
contains a BamHI restriction site (underlined) and a T7
promoter (in bold), followed by 15 nucleotides comple-
mentary to the 59 end of RNA 3 (Rizzo and Palukaitis,
990). Polymerase chain reaction (PCR)-amplified, dou-
le-stranded cDNA was gel-purified using the Prep-A-
ene DNA purification system (Bio-Rad, Hercules, CA),
igested with PstI and BamHI and ligated to pUC19,
reviously linearized with PstI and BamHI. The resulting
lasmids p2A1-AT and p2A1-MT-60x, the cDNA clones of
A1-AT and 2A1-MT-60x RNA 3s, respectively, were used
or subsequent sequence analyses and site-directed mu-
agenesis. The CP-encoding sequences of the cDNA
lones were determined by dideoxy chain termination
equencing using the T7 Sequenase v2.0 DNA sequenc-
ng kit (Amersham, Arlington Heights, IL). Products of the
equencing reaction were separated in a 5% Long
anger acrylamide gel (FMC BioProducts, Rockland, ME)
ontaining 7 M urea and visualized by autoradiography.
he numbering of nucleotide and amino acid positions is
hat of Owen et al. (1990).
Generation of viruses with point mutations in the coat
protein
Point mutations were introduced into the cDNA clones
p2A1-AT and p2A1-MT-60x by the PCR-mediated mu-
tagenesis procedure of Higuchi et al. (1988) as previ-
ously described (Shintaku et al., 1992). The nomenclature
w
mof these CP mutants is essentially that employed previ-
ously (Perry et al., 1994), with the CP amino acid modi-
fication indicated following the name of the CP clone. For
example, p2A1-AT/A162T is p2A1-AT, in which the en-
coded CP amino acid at position 162 has been modified
from an alanine (A) to a threonine (T). p2A1-AT/A162T
was derived from p2A1-AT using the complementary
oligonucleotides 59-GGAGTCCAGACTAATAATAAATTG-
TTG-39 and 59-CAACAATTTATTATTAGTCTGGACTCCG-
GATGC-39; the modified nucleotides encoding a threo-
nine are indicated in bold and three flanking nucleotides
encoding silent mutations are underlined. p2A1-MT-60x/
T162A was derived from p2A1-MT-60x using the comple-
mentary oligonucleotides 59-GGAGTCCAAGCTAACAA-
TAAATTGTTG-39 and 59-CAACAATTTATTGTTAGCTTG-
ACTCC-39; the modified nucleotides encoding an ala-
ine are in bold. All PCR-derived DNAs were sequenced
o confirm the introduced nucleotide changes and to
nsure that no spurious substitutions or deletions were
resent.
eassortant viruses and aphid transmission
p2A1-AT, p2A1-MT-60x, p2A1-AT/A162T, and p2A1-MT-
0x/T162A were each linearized by digestion with PstI,
ranscribed using the MEGAscript T7 in vitro transcrip-
ion kit (Ambion, Austin, Texas), mixed with transcripts of
ull-length cDNA clones of RNAs 1 and 2 derived from
MV-Fny (Rizzo and Palukaitis, 1990), and mechanically
noculated onto squash cotyledons. One to 2 weeks
ostinoculation, the first or second symptomatic true leaf
as used as a source for aphid transmission. Aphid
ransmissions were carried out using three aphids of A.
ossypii or M. persicae per target squash plant (Ng and
erry, 1999). Comparisons of virus transmissibility were
ade using estimates of the probability of transmission
y a single aphid (Gibbs and Gower, 1960).
rea disruption studies
Approximately 15 mg of virus was treated with 0 to 7 M
urea in 13 TAE (40 mM Tris, pH 7.4, 20 mM sodium
acetate, 1 mM EDTA) or 13 TA (40 mM Tris, pH 7.4, 20
mM sodium acetate) in a total volume of between 12 and
24 ml, at 20°C for 1 h. Tracking dye with EDTA (13 TAE
with 4% [v/v] glycerol and 0.16% [w/v] bromphenol blue)
or without EDTA (13 TA with 4% [v/v] glycerol and 0.16%
[w/v] bromphenol blue) was added to each sample at a
ratio of 1:3 (tracking dye:sample). Samples were sub-
jected to electrophoresis for 2 h (2.7 V/cm for 0.5 h and
1.9 V/cm for 1.5 h) at 4°C, under nondenaturing condi-
tions in a 1.2% agarose TAE gel. The buffer pH was at 7.4
for viruses 2A1-AT and 2A1-MT-60x and 9.0 for viruses
CMV-Fny and CMV-M. The gel was stained with 1 mg/ml
thidium bromide, destained, and photographed. The gel
as subsequently fixed in gel-fixing solution (45% [v/v]
ethanol and 10% [v/v] glacial acetic acid) for 30 min.
b
s
c
0
f
402 NG, LIU, AND PERRYThe fixed gel was placed on a filter paper, covered with
plastic film, and dried in a vacuum gel drier without heat
until flattened and then at 80°C until completely dried.
The dried gel was stained in 0.25% Coomassie brilliant
blue (R-250) in the gel-fixing solution for 1 to 2 h,
destained, and photographed.
The stabilization of virions was performed by incubat-
ing purified virus at a concentration of 1 mg/ml in borate
buffer (5 mM borate, pH 9.0, 0.5 mM EDTA) with 5.0 mM
glutaraldehyde at 4°C. The virus–glutaraldehyde sample
was dialyzed against 5.0 mM glutaraldehyde in borate
uffer for 24 h. Glutaraldehyde was removed from the
ample by dialysis against borate buffer alone. The
rosslinking reaction was quenched by dialysis against
.2 M glycine in borate buffer overnight, followed by a
inal dialysis against borate buffer alone.
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